Abstract-Search-coil magnetometers are of common use in space physics thanks to their simplicity, robustness and ability to measure weak magnetic fields: their sensitivity can reach a few tens of fT Hz in the range 10-100 kHz. The frequency band is grossly determined by the resonance of the coil. Simply adding a second coil does not efficiently extend the frequency band beyond the first resonance due to the mutual impedance of the two coils. We present a solution, called "mutual reducer," which allows us to take full benefit of the second coil and efficiently extends the frequency band. The physical principle is described first, followed by a detailed presentation of this "dual-band search-coil" (DBSC) that will be part of the Plasma Wave Instrument (PWI) onboard the Mercury Magnetospheric Orbiter (MMO) of the ESA-JAXA mission BepiColombo dedicated to the exploration of the plasma environment of planet Mercury.
I. INTRODUCTION

S
ENSITIVE and accurate measurements of DC and fluctuating magnetic fields are mandatory to characterize plasma phenomena occurring in the interplanetary medium pervaded by the solar wind or in the vicinity of solar system objects (i.e., planets and their natural satellites, comets, asteroids, …) [1] , [2] . Usually, two kinds of magnetometers are embarked onboard scientific spacecraft aiming at measuring magnetic fields in space [3] : (i) fluxgates well adapted for weak magnetic fields from DC to a few Hz, (ii) search coils covering the frequency band from around 00 mHz up to a few kHz. The frequency dependent sensitivity of a magnetometer is characterized by the noise equivalent magnetic induction (NEMI) which is the smallest amplitude of an external harmonic magnetic induction at a frequency , which produces a detectable output signal above the noise level of the instrument at that frequency. For a fluxgate, the NEMI is almost constant from DC up to a few tens of Hz, while it is V-shaped for a search coil as demonstrated in Section IV. The two NEMI curves intersect at the crossover frequency , with the fluxgate being more sensitive than the search coil below , and the search coil performing better above . Moreover, due to its decreasing NEMI the search coil is better adapted to detect natural electromagnetic waves as their power spectrum generally varies like with . As typical fluxgates used in space physics have a NEMI on the order of 10 000
, the objective of this project was to design a search coil achieving a better NEMI above 1 Hz.
For exploratory space missions of poorly known environments, it is desirable to design instruments having large enough dynamics and frequency bands, meanwhile being compliant with allowed mass and energy budgets and various constraints due to the thermal or radiation conditions prevailing in the targeted environment. For the BepiColombo mission, expected physical phenomena encompass electromagnetic waves of various origins. Magnetospheric electromagnetic waves are expected to be observed from very low frequencies below 1 Hz, associated with heavy planetary ions , up to 10-20 kHz associated to auroral electron cyclotron radiation.
Despite the fact that high-frequency synchrotron radiation by magnetospheric electrons at Mercury seems to be unlikely, considering the present understanding of the Hermean environment, there are electromagnetic waves up to a few 100 kHz associated with solar bursts and planetary foreshock phenomena worth to investigate. These scientific objectives have motivated us to design a wideband search-coil. The increased complexity of its design is worth the effort considering the saving of mass and volume it allows compared to the use of two traditional sensors covering two overlapping frequency bands. This is an important issue for space applications.
II. BASICS OF SEARCH COIL
A regular search-coil consists of a conductor coiled around a magnetic core: Faraday's law of induction relates the voltage across the terminals of the coil to the rate of change of the magnetic flux through the coil. The magnetic flux through the coil is augmented by the presence of the magnetic core ( [4] , [5] ), usually a cylinder: it has been shown in [6] that a drastic improvement of the magnetic amplification is achieved by using an optimized shape with flaring ends illustrated by Fig. 1 . The sensor is connected to a very low noise preamplifier [7] . In the case of voltage amplification, a feedback loop is used in addition to flatten the natural resonance of the sensor [8] . Current amplification is a possible alternative which does not require any feedback but slightly increases the power consumption.
Let us first consider a sensor designed to reach 2000 at 10 Hz with the following characteristics: optimized core with a relative permeability , 100 mm length, 4 mm diameter, and 14000 turns. The transfer function of this low-frequency (LF) search coil is depicted on Fig. 2 , as well as its NEMI which first decreases with frequency, up to the resonance frequency around 2 kHz, where it reaches its minimum of 40 , and increases beyond. This sensor is well fitted for magnetic measurements in the low and intermediate frequency ranges below 20 kHz, but a priori not enough sensitive for detecting weak magnetic fluctuations in the 100 kHz frequency domain.
III. ROUGH MODELING OF THE MAGNETIC CORE
First, we propose the following way to estimate the magnetic amplification of a cylinder with flaring ends, as represented on Fig. 1 .
When a magnetic body is immersed into a magnetic field a magnetization appears and the internal field is given by , where is the demagnetizing factor and the magnetization. The demagnetizing factor depends upon the shape and orientation of the magnetic body with respect to the external field. With a few exceptions like the ellipsoid [4] , the cylinder ( [5] , [9] ) and the rectangular prism [10] , is generally a tensor depending upon coordinates and numerical computations are necessary to estimate the demagnetizing field even when the external field is uniform as supposed in the present study. The magnetic flux density, or magnetic induction, inside the body is linked to the magnetic field by , where denotes the relative permeability of the magnetic material, related to the magnetic susceptibility by . The ratio , called the apparent permeability , can be computed from the relative permeability of the magnetic material and the demagnetizing factor . We make two rough assumptions: the demagnetizing factor reduces to a scalar, its component along the measurement axis , which is constant throughout the whole core (cf. Fig. 1 ). That leads to the following apparent permeability :
(
A long cylinder of length and diameter however, made of a high permeability material, can be roughly approximated by an oblate ellipsoid, leading to the following approximate demagnetizing factor along the axis:
where denotes the aspect ratio of the cylinder. Let us now express the demagnetizing field for the magnetic core of length with flaring ends of diameter ("diabolo" core) and the one of a cylinder of length and diameter as: -Cylinder: and ; -Diabolo: and . By noticing that the cylinder and the diabolo have the same surface density of magnetic poles at their ends, we deduce that their related demagnetizing magnetic fields are identical at the ends of the core (3) Then, we compute the magnetic field at the center of the diabolo core of diameter by means of the flux conservation between the ends and the center of the diabolo core as (4) and (5) By replacing in (5), we express
By replacing from (4) in (6), we obtain
This leads to
Finally, we obtain (9) Fig. 3 . Equivalent electrical circuit of the search coil: e(t) is the voltage induced by the varying external magnetic induction, L is the inductance of the coil, R its resistance, and C its capacitance. The output voltage V of the sensor is applied to a preamplifier having a high input impedance.
The accuracy of this formula has been compared with simulations carried out with the finite-element software Flux2D. This model fits with simulations within 10% for diameter ratios . The diabolo shape increases considerably the apparent permeability at the center of the magnetic core [6] .
IV. DISCUSSION OF THE FREQUENCY BEHAVIOR
A harmonic external magnetic induction of amplitude and pulsation induces a voltage of amplitude between the terminals of the winding (10) where is the magnetic flux through the turns of the coil, is the sectional area of the core, is the apparent permeability of the core approximated by (9) .
We assume that the sensor is equivalent to the RLC circuit displayed by Fig. 3 , where is the inductance of the winding, its electrical resistance, and its capacitance. Thus, the transfer function between the output voltage and the external magnetic field is equal to
The detection threshold per Hertz of the output voltage is equal to the square root of the variance per Hertz of the noise voltage of the sensor given by (11) where is the variance per Hertz of the noise voltage at the entry of the preamplifier, and is the variance per Hertz of the thermal noise voltage of the resistance, where ,38 is the Boltzmann constant and the temperature.
Hence, the NEMI, defined as the smallest magnetic induction which can be detected due to the noise of the sensor, is the following V-shaped function of : (12) At low frequencies, the NEMI decreases with frequency and is approximated by the following formula, which does not involve the resonance frequency: This simple expression can be used to estimate the number of turns required to achieve a targeted value of the NEMI at a given frequency much smaller than the resonance frequency (in the present case 2000 at 10 Hz): let us nevertheless notice that is proportional to . More modeling details are given in [7] and [8] especially with respect to the effect of the flux-feedback which is not taken into account in the present qualitative discussion.
V. FEASIBILITY OF A WIDEBAND SEARCH COIL USING TWO WINDINGS ON A UNIQUE MAGNETIC CORE
The designed LF coil is not enough sensitive to detect natural waves at frequencies larger than a few tens of kHz. An obvious idea to extend the frequency range of measurements up to 1 MHz is to implement a second winding with a higher resonance frequency of the order of 300 kHz. The transition frequency between the two bands, defined by the intersection of the LF and HF NEMIs, is chosen equal to 10 kHz. Let us first consider the frequency band covered by the LF coil; accordingly to Fig. 2 the LF-NEMI at 10 kHz is equal to 100 , which is also the value of the LF-NEMI at in the validity range of formula (13) . Then, in order to design a HF coil operating in the frequency band , and having a HF-NEMI equal to the LF-NEMI at the transition frequency , we make use of an expression similar to (13) as is much smaller than . Considering the same magnetic core, and assuming the same noise level at the entry of the preamplifier, we can express the number of turns of the HF coil from the number of turns of the LF coil, multiplied by the ratio of the two frequencies (14) When a HF coil with turns is wound all alone on a magnetic core (Ferrite diabolo core: , , ), its transfer function is the expected one: the gain increases with frequency up to the resonance frequency , slightly above 300 kHz, and decreases beyond due to the capacitive behavior of the coil as shown by the curve labeled HF1 in Fig. 4 . However, when the same HF coil is wound over the LF coil, together on the same magnetic core, the transfer function represented by curve HF2 on Fig. 4 exhibits a pair of resonance and anti-resonance at and , above the resonance frequency of the LF coil. The gain increases with frequency beyond the anti-resonance but remains roughly 20 dB below the HF1 gain.
In order to explain qualitatively this behavior let us consider the magnetic flux through each coil (15) (16) where indices 1 and 2 relate, respectively, to the LF and HF windings, and symbols and denote the self and mutual inductances.
At frequencies lower than the HF resonance frequency the current intensity flowing through the LF coil is not much influenced by the magnetic coupling with the HF coil and is approximately given by (17) At frequencies lower than the LF resonance frequency this current is small. At frequencies larger than the main contribution to the impedance of the LF winding comes from the inductive part and is further approximated by (18) Substituting approximation (18) into (16) gives
where is the mutual coupling coefficient between the two windings. When, the windings are implemented on a unique magnetic core, this coefficient is close to 1 and the latter expression is almost independent of the external magnetic induction. Thus, a HF coil wound directly over the LF coil, together on the same magnetic core, is inefficient to measure the external magnetic induction in the frequency range .
VI. PHYSICAL DESCRIPTION OF A MUTUAL REDUCER
It is therefore mandatory to reduce the mutual coupling between the LF and HF coils wound together on the same magnetic core in order to extend the frequency range of measurements. The original solution we propose consists in inserting a tubular magnetic shield between the two windings as shown by Fig. 5 . This shield offers a new path to the self-induction flux of the LF winding (red lines on Fig. 6) , which results in a considerable decrease of the LF self-induction flux seen by the HF winding, hence the name "mutual reducer."
Then, the magnetic parts of the LF and HF coils have different apparent permeabilities, and , respectively, which depend upon the shapes and cross-sectional areas of the magnetic core and mutual reducer. The various parameters of the sensor: auto and mutual inductions, and apparent permeabilities, are obtained via numerical computation. The flux through the HF winding can be written (21) Fig. 5 . The dual-band search coil magnetometer consists of two coils wound on the same magnetic core and separated by a tubular magnetic shield reducing the mutual coupling of the two coils. where is the cross-sectional area of the core, and denotes the sum of the cross-sectional areas of the core and the reducer can be written (22) (23) where is the apparent permeability for the HF coil reduced by the mutual coupling to the LF coil. The coupling must be as low as possible in order to keep this reduced apparent permeability as large as possible. Fig. 6 shows that part of the LF auto-induction flux is captured by the mutual reducer, and thus the HF coil feels only the remaining part of this LF flux.
The measured transfer function for an HF winding combined with a mutual reducer is presented on Fig. 7 (curve labelled  HF3) . The HF3 curve is close to the transfer function HF1 of the HF coil wound all alone on the magnetic core. However a remaining mutual coupling with the LF winding is revealed by a resonance occurring at about 5 kHz followed by an anti-resonance at about 6 kHz. The resonance clearly originates from the coupling to the LF winding, while the anti-resonance is supposed to result from the energy exchange between the capacitance of the LF winding and the mutual-inductance. 
VII. PERFORMANCES OF THE DUAL-BAND SEARCH-COIL MAGNETOMETER
Thalès Research and Technology has designed several ferrite materials that keep a high magnetic permeability in the stringent temperature range 100 C 200 C that will be met during the BepiColombo mission. The Mn-Zn ferrite selected for the dual-band search-coil has a relative permeability higher than 1000 on the full temperature range [11] . The apparent permeability of the core for the LF coil is reduced from 295 to 265 when the mutual reducer is inserted, meanwhile the apparent permeability of the HF winding increases from almost 0 to 24, a value slightly larger than the apparent permeability for the HF coil when it is wound all alone on the magnetic core. The 10% loss of apparent permeability that affects the LF coil performance is compensated for by an almost proportional increase of the number of turns . Each winding of the sensor is connected to its own low noise preamplifier. A first amplification stage involving a JFET is well suited for a high impedance sensor, and is used in order to minimize the contribution to the shot noise. The output noise can be written, similarly to (11) (24) where represents the voltage gain of the preamplifier. A flux-feedback is used to flatten the transfer function of search coil around its resonance: the principle of this flux-feedback is detailed in [12] . The transfer function of the LF coil with the flux-feedback has been presented in Section II. The bloc diagram on Fig. 8 shows schematically how the output of each preamplifier is connected to a secondary coil in serial with a feedback resistor in order to create a feedback flux. Hence, the electronic noise is fed into the sensor and produces the following noise (22) which is added to the measured magnetic induction (25) where is the mutual inductance between the main coil and the feedback coil. The resulting NEMI with the feedback is thus given by (26) where is the NEMI defined by (12) . The current source used for the LF flux feedback entails a wideband noise which has to be low-pass filtered in order to get the lowest possible NEMI in the HF frequency range. The coil used for the feedback also allows to inject into the sensor the magnetic flux created by an external signal in order to calibrate the instrument in flight.
The NEMI curves (in ) of the Bepicolombo dualband search-coil, including the effect of the flux-feedback, are represented on Fig. 9 . The LF-NEMI is plotted from 1 Hz to 50 kHz, and the HF-NEMI from 10 kHz to 1 MHz. The DBSC-NEMI defined as the minimum of the LF and HF NEMIs is lower than NEMIs of other sensors in comparable frequency ranges reported in the literature [13] . Measurement have been performed at the Magnetic Observatory at Chambon la Forêt (France), which is a very quiet place for magnetic measurements, free from man-made magnetic perturbations.
The designed sensor has a NEMI of 2000 at 10 Hz, lower than 50 from 500 Hz to 500 kHz, with a minimal value equal to 7,5 at 100 kHz. These performances are among the best known for this family of magnetic sensors.
However, let us mention that an abrupt variation of the transfer function appears above 500 kHz. This behavior is still unexplained but seems to be linked to a LF resonance seen by the HF winding. Further investigations will be led to understand the origin of this resonance.
VIII. CONCLUSION
The dual band search-coil (DBSC) is a good alternative to the use of two distinct sensors in applications where mass and volume are limited as for example for onboard instrumentation. When two different sensors are used they should be separated by a distance at least of the same order as their size, which means that the mechanical structure needed to hold the sensors would have a larger mass. The implementation of the mutual reducer described in this article allows to build a DBSC able to measure magnetic field fluctuations from 0.1 Hz up to 1 MHz. The DBSC designed for BepiColombo/MMO is 10 cm long, 17 mm in diameter, weighs 60 g, and has an upper cut-off frequency of 640 kHz imposed by the high-frequency receiver used [14] . The DBSC is associated with two classical search coils, designed at Kanazawa University, to form a triaxial AC magnetometer which is part of the Plasma Wave Instrument of the MMO spacecraft [14] . The DBSC is aligned with the spin axis of the spacecraft, while the two identical classical search coils are lying in the spin plane.
